Transport of a divalent cation (Ca2+) and three DNA indicators [ethidium bromide (EB), propidium iodide (PI), and ethidium homodimer (EthD-1)] across electroporated membranes of several mammalian cell lines was found to be selective and asymmetrical. In low salt medium, Ca2+ and EB were preferentially transported across the anodefacing cell membrane while PI and EthD-1 predominately entered at the site facing the cathode. In hi salt medium, the entry site for Ca2+ and EB was reversed to the cathode-facing hemisphere while it remained unchanged for PI and EthD-1. In all these experiments, the observed transport patterns remained unaffected whether the dyes (or ion) were present during or added after the electroporating pulse. The data suggest that asymmetric pores are created on both sides of the membrane facing the electrodes, with smaller pore size (but greater in number) on the anode side and larger pores (with a lower population) on the cathode side. Furthermore, the rate of resealing of the membrane pores is slgnificantly enhan in hi ionic strength medium, thus affecting the entry site. The asymmetric transport pattern is neither caused by electrophoresis induced by the externally applied electric field nor due to one-sided membrane breakdown as previously believed.
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Application of an intense electric field across intact cell membranes significantly alters the electric potential difference across the membrane. One effect observed is the dielectric breakdown of the membrane resulting in transient membrane pore formation, which allows introduction of exogenous materials into the cell. The overall process is often referred to as electroporation or electropermeabilization. This technique is extensively used for cell transfection and fusion experiments (see refs. [1] [2] [3] [4] [5] [6] [7] [8] for review). Despite its widespread use, however, some of the fundamental mechanisms underlying the induction of membrane pores, as well as the subsequent influx/efflux of material, still remain relatively unclear. The early and primary effects of electric fields on intact cells, thought to lead to membrane pore formation, are fairly well represented by using a model based on a nonconducting spherical vesicle (9) . The magnitude as well as the spatial potential profile that develops across intact cell membranes due to an externally applied electric field is given, in its simplest form, by Vm = 3/2 fJA)R Eo cos4, [1] where Vm is the external field-induced membrane voltage drop, R is the radius of the cell, EO is the intensity of the applied electric field, 4 is the angle between the field direction and any point on the membrane, and J(A) relates the conductivities of the membrane, Am, and that of the internal (Aj) and external (k) media, respectively (9, 10) . It is normally assumed that Am << Ai A-; hence, 1(A) 1 . A number of studies employing potential sensitive electrochromic dyes have confirmed the general features of Eq. 1 (11) (12) (13) . In particular, the occurrence of a maximum potential drop, (VM)a,, at the opposite poles of the membrane facing the electrodes (i.e., cos 4 = 1 for 4 = 0, -1 for 4 = ir), and a threshold for electroporation of Vm 1 V have been found in different cell types, although a lower estimate for the threshold has recently been reported (14) . A main feature of this model indicates that symmetrical permeabilization is expected at the two poles of the membrane facing the electrodes, provided a threshold in the induced membrane potential, Vm, is attained.
However, previous electroporation studies reveal distinct asymmetric transport patterns in different cell types. For example, with moderate electric fields sufficient to cause membrane breakdown, influx of test molecules was found predominately on the anode-facing hemisphere in the case of NIH 3T3 and Chinese hamster ovary (CHO) cells (15, 16) and plant protoplasts (17, 18) , whereas in the case of sea urchin eggs (19, 20) or erythrocyte ghosts [efflux in this case (21, 22) ], transport occurs predominately on the cathode-facing hemisphere. The origin of these asymmetric transport patterns has, in some cases, been suggested to arise from asymmetric pore formation due to the involvement of a resting membrane potential (15) (16) (17) (18) or to a field-dependent transport process such as electroosmosis (21, 22) .
Here, we report the results of a mechanistic study on electroporation using NIH 3T3, CHO, and HeLa cells. The probe molecules used were three fluorescent DNA indicators, ethidium bromide (EB), propidium iodide (PI), and ethidium homodimer (EthD-1), and Ca2+. While asymmetric transport was found in all cases, the preferential entry site was dependent on the probe molecule used and the ionic strength of the electroporation buffer. The order of indicator addition, whether immediately after or before the electroporating pulse, does not alter the transport pattern. Our data show that the observed asymmetric transport may not be due to one-sided permeabilization of the membrane or to fielddependent processes. Instead, it suggests selectivity based on the nature of the membrane pores and the molecules transported. (vol/vol) fetal bovine serum. All the cells were grown to about 50%o confluency before use. About 1 hr before experiments, the adherent cells were removed with 0.25% trypsin solution, resuspended in the growth medium without serum, and kept, on ice, in plastic vials to prevent adherence. The low salt medium (LSM) electroporation buffer consisted of 250 mM sucrose, 10 mM sodium phosphate, 1 mM MC12 at pH 7.2. The high salt medium (HSM) ofvarying ionic strength was prepared by adding either KCl or NaCl to LSM, up to a concentration of200 mM. The cells were spun down from the growth medium, washed twice, and resuspended in these buffer solutionsjust prior to the electroporation experiments.
MATERIALS AND METHODS

Cells
The DNA/RNA indicators EB, PI, and EthD-1, as well as the calcium indicator dye fluo-3 (free and ester forms), were all obtained from Molecular Probes. In some cases EB samples from Sigma were also used with no observable difference in the experimental outcome. Stock solutions of these dyes were prepared in the original vials, and aliquots were diluted as needed. The cell permeant fluo-3 (2 FdM) was loaded (in the presence of 0.025% P-127 surfactant) by incubating cells for 30-40 min in the pulse medium or in some cases by mild electroporation. Excess external dye was washed off after incubation. CaCd2 was from Fluka. In all experiments, the outside concentrations of the probe molecules were 100 ,AM EB, 100 1AM PI, 20MM EthD-1, and 1 mM Ca2+, unless otherwise specified.
Electroporation Apparatus and Chamber. Single electric pulses with desired pulse width were supplied from a pulse generator (Cober model 606P). The general operation of the instrument has been described (16) . The electroporation chambers (25-4 capacity) were constructed using two flat 10 x 25 x 1 mm stainless steel electrodes fixed at 1 mm apart on a 75 x 25 mm microscope glass. The cell suspension or indicator solution was gently injected into the electrode chamber. The magnitude and duration of the electric pulses were directly measured across the chambers through 100:1 probes and monitored on a digital scope (Hewlett-Packard 54502A).
Fluorescence Image Acquidtion and Analysis. Fig. 1 shows the block diagram of the fluorescence image acquisition system. The electrode chambers described above are mounted on a Zeiss Axiovert-100 inverted microscope equipped with a 100-W Hg lamp as the excitation light source. For all experiments where EB, PI, or EthD-1 was used, the excitation wavelength was selected with a bandpass filter at 520 nm, and emission was collected at >610 nm. In the case of fluo-3, the excitation and emission wavelengths were 480 and 520, respectively. The binding of the dyes to cytosolic DNAs and/or RNAs (and Ca2+ to the preloaded free intracellular fluo-3) results in their fluorescence enhancement, which was used to monitor the transport patterns after electroporation. Real-time (resolution = 33 ms) fluorescence emissions from these events were acquired with an intensified camera (model SIT-68; DAGE-MTI) and recorded directly or processed on-line through an image processor (model Argus-10; Hamamatsu Photonics, Hamamatsu, Japan) into a Panasonic (model AG-7350) VHS tape. The intensity ofthe fluorescence emissions was also monitored on an analog scope (Hitachi model V-212) to protect the camera from prolonged and excessive light exposures. The rising edge of the electroporating square pulse was synchronized with the video signal to mark the first frame at which electroporation is initiated. This was accomplished with a home-built pulse and video control box. At a later time, the video signals of interest from the VHS tape were transferred to a Macintosh computer (Quadra 950) by using a framegrabber card (RasterOps model 24MxTV) and further processed with the IMAGE I.52 software (National Institutes of Health, Bethesda, MD).
RESULTS
The main objective of this study is to understand how different molecules are transported across electroporated cell membranes and what factors affect their movements. Permeabilization was monitored by using three DNA/RNA indicators and Ca2+, all of which are relatively membrane impermeable prior to the initiation of membrane pores (EthD-1 is the least permeable and EB is the most permeable of the four). The dye molecules enter the cells via electric pulse-induced pores and immediately bind to intracellular DNAs and/or RNAs. In the case of Ca2+, it reacts with the preloaded Ca2+ indicator (fluo-3) inside the cells and causes enhancement of fluorescence. Areas at the cell periphery with increased fluorescence mark the entry site of the test molecules. Fig. 2 shows a typical result obtained in the LSM buffer using EB. A selected sequence of events before and after the application of a single unipolar electric pulse is shown. served with NIH 3T3 and HeLa cells. The four video frames in Fig. 3 buffer when the dyes and Ca2+ were injected into the sample chamber 1-2 s after the application of the electric pulse. It is evident that the frames in Fig. 3 Bottom show identical transport patterns to those shown in Fig. 3 Top. A similar set ofexperiments where the dyes/ion were added after the pulse in the HSM buffer gave identical results to those shown in Fig. 3 Middle (data not shown). Together, these data confirm that applied electric field-dependent processes do not influence the transport patterns observed. It should be pointed out that in all our experiments, the asymmetric transport patterns were observed at the first available video frame after the pulse and remained unchanged throughout the course of observation until the whole cell was fluorescently labeled. Whether Fig. 4 shows the transport of EB in either the LSM or HSM buffer immediately after the application of an electric pulse (indicated by the arrows). The data points were obtained by integrating the total pixel intensity from a series of selected video frames. 
DISCUSSION
In this report we show preferential transport of molecules across electroporated cell membranes, facing either the positive or negative electrode, to be dependent on the molecules being transported and in some cases on the ionic strength of the electroporation medium. Asymmetric transport has been reported (15) (16) (17) (18) (19) (20) (21) (22) for a number of different cell types, and two principal ideas have emerged to partially explain the phenomena. In one case, the equilibrium resting membrane potential is believed to play a role, thereby making the hemisphere of the cell membrane facing the positive electrode more susceptible to electrical breakdown. This idea has been further developed by Hibino et al. (19, 20) , who postulated greater damage at the membrane facing the negative electrode. Recently, asymmetry that could arise from different pore radii and pore populations at the opposite faces of the membrane was anticipated by Saulis (23) in a theoretical study of electroporation. In the second case, the asymmetry is ascribed to processes that would be dependent on the presence of the electric field.
The data in Fig. 3 Top and those shown in Table 1 clearly demonstrate that the observed asymmetry could not originate from a one-sided permeabilization of the membrane. Both sides of the membrane have to be permeabilized to account for the observations. Furthermore, the fact that similar permeabilization patterns were observed when the probes were added either before or 1-2 s after electric pulse and the fact that the time scale for the observation (in milliseconds) is much longer than the duration of the electric pulse (in microseconds) indicate that electrophoresis process induced by the externally applied electric field does not play a role in determining the asymmetric transport pattern.
Although the physical properties of the probes used play a role on the observed asymmetric pattern, they cannot fully explain the data. A plausible hypothesis is to considerthat the electroporating pulse induced the formation ofalarge number of small pores at the anode-facing hemisphere and a small number of larger pores on the cathode-facing hemisphere. This would explain why the smaller probes (e.g., EB and Ca2W) appear to enter predominately through the anodic hemisphere and the larger probes, EthD-1 and PI, enter through the cathodic hemisphere. This is in general agreement with a mechanism involving the vector sum of the applied field-induced membrane potential and the normal resting potential. The field is first slightly greater than threshold on the anode-facing side, so this is where pores first form. The radius of the pores does not increase rapidly since the field is onlyjust above the threshold value. As more and more pores are formed, the membrane becomes more conductive.
Biochemistry: Tekle et al. 60 Proc. Nadl. Acad. Sci. USA 91 (1994) Finally, almost all of the potential drop across the entire cell falls across the membrane on the cathode-facing side, since the anode-facing side is now electrically conductive. This "double" potential is well above the threshold, so the first pores that form expand very rapidly. As they become large, the potential is depleted, and there is no further opportunity for many more pores to form.
The other interesting finding in this study is the reversal of the entry site for EB and Ca2+ from the anode-facing hemisphere in low ionic strength medium to the cathode-facing hemisphere in the HSM buffer. This observation could be attributed to the fact that membrane pores reseal rapidly in high ionic strength medium. Consequently, the smaller sized pores at the anode-facing hemisphere would close rapidly, and thus the probes can enter only through the negative hemisphere. In part, this possibility is implied in Fig. 4 , where the transport of EB in both the HSM and LSM buffers is shown. The arrows indicate the application of an electric pulse, and the data points were obtained by integrating the fluorescence intensity in a selected (cathodic or anodic facing) hemisphere of the cell image taken from a series of video frames. In the HSM buffer, the intensity profiles show distinct but small jumps right after the application of the electric pulses but remain relatively constant thereafter until another pulse is applied. This indicates rapid opening and closing of the membrane pores. Differences in transport due to the ionic strength of the medium have also been reported by Hibino et aL (20) on a much faster time scale than we are able to achieve with our setup. Based on these considerations, it is understandable to find most ofthe transport in the HSM occurring on the cathode-facing hemisphere.
It is important to note though that in another often-used system, sea urchin eggs (Lytechinus pictus), we found quite different transport pattern, with all transport occurring on the cathode-facing side of the cell irrespective of the identity of the probe or of the ionic strength of the medium (data not shown). This is not necessarily inconsistent with our picture, however, in that it may well be that pores are formed initially on the anode-facing side (20, 24) but that they reseal very quickly or that a prefertilization envelope matrix forms on the positive side, precluding further transport.
The selective transport of molecules proposed here is further corroborated and is consistent with our previous DNA transfection experiments in NIH 3T3 cells (16) . In this study, the transfection efficiency using a bipolar square wave was 1.7-and 5.5-fold more efficient than that using a unipolar square wave or a single square pulse, respectively. It should be pointed out that the efficiency in transfection experiments also depends on cell survival. However, given comparable survival rates, the increased efficiency found using bipolar square waves may originate from the creation of structurally similar and larger pores at both sides of the membrane compared to those created with unipolar pulses rather than the one-sided permeabilization we had ascribed to in our earlier study.
As mentioned in the preceding sections, we did not distinguish between transport patterns that occurred exclusively on one side of the membrane from those occurring predominantly on the same side but with significantly lower entry from the opposite side. The prevailing pattern observed appears to depend on the strength ofthe applied field strength (data not shown, but see ref. 15) . Moreover, even with much higher field strength (z3.2 kV/cm), the asymmetry remains unchanged, indicating an upper limit to the population ofpore types that can be induced by the electric field.
In summary, we have presented a consistent picture of electroporation in the three cell types, NIH 3T3, CHO, and HeLa cells, showing that many small pores are formed on the side facing the anode, while a few large pores are formed on the side facing the cathode. This picture is based on the asymmetric and selective transport of various fluorescent markers across the membrane and the differences in transport in low and high salt medium. The data further rule out one-sided permeabilization of the membrane or applied field induced processes as likely reasons for the observed asymmetric transport. The reversal of the entry site for EB and Ca2+ in the HSM buffer may be a manifestation of the instability of small pores in high ionic media, which accelerates the rate of resealing.
